Background/Aims: The neuropathies Alzheimer's disease (AD), Parkinson's disease (PD), and schizophrenia (SCZ) have different pathological mechanisms but share some common neurodegenerative features, such as gradual loss of neuronal structure and function. Dopamine beta-hydroxylase (DBH), a gene located in the chromosomal region 9q34, plays a crucial role in the process of converting dopamine into norepinephrine (NE). Several case-control studies have reported this pathway in the pathogenesis of AD, PD and SCZ. However, the results are controversial. Methods: We conducted a meta-analysis to estimate the associations between polymorphisms in this gene and AD, PD and SCZ. Seven databases (PubMed, Embase, Web of Science, China National Knowledge Infrastructure (CNKI), Wan Fang, SZ Gene and AD Gene) were searched to identify eligible studies. Odds ratios (ORs) with 95% confidence intervals (CIs) were calculated to evaluate the associations of DBH variants with AD, PD and SCZ susceptibility. Results: A total of 41 studies involving 10506 cases and 15083 controls were included in our meta-analysis. The analysis results indicated that a lack of association (P > 0.05) was observed between most of the currently available DBH polymorphisms and the neurological diseases AD, PD and SCZ; however, the DBH rs1611131 
Introduction
Alzheimer's disease (AD), Parkinson's disease (PD) and schizophrenia (SCZ) all have neurodegenerative characteristics, and although they all show different pathogenies and diseased regions, they each result from the gradual loss of neuronal structure and function or even neuronal death [1] . Illustratively, AD is characterized by the loss of neurons and synapses in the cerebral cortex and certain subcortical regions, including the temporal lobe, regions of the frontal cortex, the cingulate gyrus and the locus coeruleus (LC) in the brainstem [2] ; PD is pathologically represented by a degeneration of dopaminergic neurons in the substantia nigra and noradrenergic neurons in the LC [3] ; and SCZ is a mental disease that manifests as gradual atrophy of the temporal and parietal lobe as well as enlargement of ventricular regions [4] . Such diseases cause enormous damage to patients' cognitive and behavioral functions [5] [6] [7] , which seriously reduces their quality of lives. Approximately 29.8, 6.2, and 23.6 million people are estimated to develop AD, PD and SCZ per year, respectively [8, 9] . Although the mechanisms of these three diseases remain unclear, studies have demonstrated that they have common genetic backgrounds and share multiple environmental risk factors. More recently, genome-wide association studies (GWAS) and sequencing approaches have been widely used to discover low-frequency disease risk alleles, and thousands of susceptibility loci might predispose individuals to multiple neurodegenerative diseases [10] . An expected observation for risk variants is shared across diseases. Several genes are associated with AD, PD and SCZ and are included in the shared dopamine (DA) system network, including monoamine oxidase A (MAOA) [11] [12] , monoamine oxidase B (MAOB) [13] [14] [15] [16] , catechol-O-methyltransferase (COMT) [17] [18] [19] and dopamine beta-hydroxylase (DBH) [20] [21] [22] [23] [24] . Identification of these loci could help us better understand the mechanisms underlying the development of and cognitive dysfunction in AD, PD, and SCZ and provide biomarkers for their risk of susceptibility.
The dopamine beta-hydroxylase (DBH) protein is a member of the DA system, which catalyzes the oxidative hydroxylation of DA to norepinephrine (NE) [25] . The enzyme DBH is specifically expressed by noradrenergic neurons, including those in the LC and peripheral nerve terminals [26] . Existing in both soluble and membrane-bound forms, DBH is the only catecholamine synthetase that is expressed in synaptic vesicles [25] . The enzymatic activity of DBH modulates NE levels and further influences executive and motor function as well as reward perception in humans [22] , characterized by wide interindividual variation regulated by genetic inheritance [27] . The DBH gene, located in the chromosomal region 9q34 and also known as dopamine beta-monooxygenase (DBM), has an approximately 23 kb sequence that comprises 12 exons.
Because the DBH enzyme plays a key role in the metabolism of DA and NE in the central nervous system (CNS), mutations in its sequence might participate in progressive structural or functional neuronal damage, ultimately resulting in neurodegenerative disease. Thus, it can be logically hypothesized that single nucleotide polymorphisms (SNPs) of DBH could be genetic markers of the risks of AD, PD and SCZ. Many GWAS and case-control studies have investigated the relationship of DBH polymorphisms with these three diseases, and it was even reported that DBH polymorphisms, such as variations in exons of rs1108580, rs5320, MspI, and rs4531 and introns of 5'-Ins/Del, rs1611115, rs1611131, and rs2519152, could play a role in the pathophysiologies of AD [20] [21] [22] [23] [24] , PD [28] [29] [30] [31] [32] [33] and SCZ [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . [28, 30] ; however, a recent genetic association research by Shao P. et al. in 2016 indicated that the TT genotype may lead to a higher risk of PD occurrence than the common genotype CC [31] . Conflicting results have also been published on variations of DBH rs2519152 [31] and other loci [29, 31] .
To date, no systematic reviews or meta-analyses of these associations have been conducted to address the issues of inconsistency, insufficiency, and especially nonsystematicness. Thus, we obtained available evidence from all previously published studies concerning the association between DBH SNPs and susceptibility to AD, PD and SCZ and carried out a metaanalysis to estimate this genetic relationship association.
Materials and Methods

Search strategies
Two reviewers systematically searched literature from the PubMed, Embase, Web of Science, China National Knowledge Infrastructure (CNKI), Wan Fang, SZ Gene (http://www.SZgene.org) and AD Gene (http://www.ADgene.org) databases with no language restrictions through January 14 th , 2018 using the keywords Alzheimer Disease, Parkinson Disease, Schizophrenia, Dopamine beta-hydroxylase, Polymorphism, etc.. Detailed search strategies are reported in the supplementary materials (For all supplemental material see www.karger.com/d10.1159/000495238). An additional manual search was performed according to references cited in the original literatures or previous reviews.
Literature identification
The suitable studies were selected based on the following inclusion criteria: (I) studies assessing the association of DBH polymorphisms with risks of AD, PD or SCZ; (II) original studies performed using a casecontrol or cohort design and involving human subjects; (III) studies providing sufficient allelic (e.g., W and M) or genotypic (e.g., WW, WM and MM) data that contained controls with genotypes in Hardy-Weinberg equilibrium (HWE). Studies that did not meet the above inclusion criteria were excluded from our metaanalysis.
Data extraction
For eligible studies, the following data were extracted: (I) the first author's name and publication year; (II) the geographic areas, ethnicities and ages of the participants; (III) the numbers of cases and controls in populations carrying different allelic or genotype statuses; and (IV) the diagnostic criteria for AD, PD or SCZ used in the studies. This step was independently completed by two reviewers. Any disagreement was resolved by discussion with a third reviewer. For studies with overlapping data, that with the largest sample size was included in this meta-analysis.
Methodological quality assessment
Newcastle-Ottawa Scale (NOS) criteria were used to assess the quality of the retrieved studies, which included three aspects: object selection, comparability and exposure assessment [50] . Studies with at least six points were considered high-quality.
Statistical analyses
For each study included in this meta-analysis, the χ 2 test was used to detect whether the observed genotype frequencies among the control groups conformed to Hardy-Weinberg equilibrium (HWE Between-study heterogeneity was assessed by the I 2 statistic from the χ 2 -based Q test [51] . If I 2 < 50%, the fixed-effect model (Mantel-Haenszel method) would be applied to calculate the pooled OR (for pooled estimation) [52] . Otherwise, the random-effects model (DerSimonian-Laird method) was employed to complete this work [53] . Once significant heterogeneity was found, meta-regression [54] would be performed based on the potential confounding factors, including the year, language, ethnicity, diagnose criteria, etc., to determine the source of heterogeneity observed.
For loci with more than three datasets, sensitivity analysis was performed to detect whether the results were considerably influenced by any single study. Simultaneously, Begg's funnel plots constructed by the trim and fill method and quantitative tests were used to estimate publication bias in the included studies.
All analyses were performed using STATA version 14.0 software (STATA Corporation, College Station, TX, USA) with the metan command [55] . Fig. 1 shows a flow chart describing the procedure used to select the eligible studies included in our analysis. The comprehensive search strategy initially identified 429 potential articles (AD: n = 55, PD: n = 126, SCZ: n = 248). Among them, 97 studies were duplicates (AD: n = 8, PD: n = 20, SCZ: n = 69). After removing these duplicates, 332 publications were retained (AD: n = 47, PD: n = 106, SCZ: n = 179), including 153 (AD: n = 26, PD: n = 73, SCZ: n = 54) articles on unrelated genes and 119 (AD: n = 14, PD: n = 15, SCZ: n = 90) articles whose studies did not utilize a case-control or cohort design. Thus, these 272 studies were excluded, and 60 publications remained (AD: n = 7, PD: n = 18, SCZ: n = 35). Among the remaining 60 articles, 31 (AD: n = 1, PD: n = 11, SCZ: n = 19) lacked sufficient allelic or genotypic data. Detailed genotype data were used for the HWE test, and two studies (AD: n = 1, PD: n = 1, SCZ: n = 0) were excluded because they were not in equilibrium. Finally, 27 articles, including 41 eligible studies, were included in this metaanalysis: 7 studies on AD [20] [21] [22] [23] [24] , 7 studies on PD [28] [29] [30] [31] [32] [33] and 27 studies on SCZ [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . Table 1 presents the main characteristics of the 41 studies utilized in this metaanalysis. These studies were published from 1996 to 2016. Among them, 25 studies involved Caucasian populations (AD: n = 5 [20] [21] [22] , PD: n = 3 [28] [29] [30] , SCZ: n = 17 [34-37, 44-46, 48] ), and 16 studies involved Asian populations (AD: n = 2 [23, 24] , PD: n = 4 [31] [32] [33] , SCZ: n = 10 [38-43, 47, 49] ). Additionally, two diagnostic criteria were used among the AD studies included (DSM-IV [56] and NINCDS-ADRDA [57] ), two criteria were used for PD studies (UK PD Society Brain Bank Clinical Diagnostic Criteria (UK-PDSBB) [58] and Standard for Second National conference on Cone Diseases), and three criteria were used for SCZ studies (DSM-IV [56] , DSM-III-R [56] and ICD-10 [59] ). Using the methodological quality assessment according to NOS, all the included studies had scores greater than six and were considered high-quality (Table 2 ). Detailed genotype data from each original study are shown in Table  S1 .
Results
Literature search results
Main characteristics of the included studies
Association between DBH and AD
In this meta-analysis, a total of seven studies involving 2618 cases and 6849 controls, including five for rs1611115 [20] [21] [22] [23] [24] , one for rs5320 and one for rs1611131 [20] , were collected to investigate the association between DBH polymorphisms and AD development. Combined data revealed that the collection of DBH polymorphisms was not statistically significantly associated with the risk of AD under any of the three genetic models (allelic model: P = 0.714, dominant model: P = 0.837, and recessive model: P = 0.607). The results of these three genetic comparisons also indicated a lack of statistical association between the rs1611115 polymorphism (allelic model: P = 0.132, dominant model: P = 0.146, and recessive model: P = 0.425) and susceptibility to AD ( Fig. 2a and Table 3 ). Subgroup analysis by ethnicity further suggested no association between this polymorphism and AD in either Caucasian or Asian populations (Table 4 ). In addition, the other two loci presented in only one study each; the DBH rs5320 polymorphism showed no relationship with AD (allelic model: P = 0.252, dominant model: P = 0.298, and recessive model: P = 0.394), while the DBH rs1611131 polymorphism was suggested to be statistically associated with a decreasing risk of AD under the allelic (OR = 0.889, 95% CI: 0.815-0.909, P = 0.008) and dominant (OR = 0.868, 95% CI: 0.778-0.968, P = 0.011) models but not under the recessive (P = 0.118) model. In summary, the above results indicate that while minor variants of rs1611131 might play a protective role in AD development, no associations of the rs1611115 or rs5320 polymorphisms as well as the combination of all three DBH loci with AD risks were observed.
Association between DBH and PD
A meta-analysis of the association between DBH polymorphisms and PD risk included seven [28] [29] [30] [31] [32] [33] studies involving a total of 3482 cases and 4086 controls, including four for rs1611115 [28] [29] [30] [31] , two for rs2519152 [32, 33] , and one for rs732833 [31] . The analysis results showed that no associations between a collection of all three DBH polymorphisms with susceptibility to PD was observed in three genetic patterns (allelic model: P = 0.899, dominant model: P = 0.994, and recessive model: P = 0.767, shown in Fig. 2b and Table 3 ). From the viewpoint of each DBH locus, a lack of association was also found between the polymorphisms of two loci and PD risk in more than one study (rs1611115: allelic model: P = 0.742, dominant model: P = 0.787, recessive model: P = 0.971; rs2519152: allelic model: P = 0.612, dominant model: P = 0.577, recessive model: P = 0.655) ( Table 3 ). In subgroup analysis by ethnicity, no association between the rs1611115 polymorphism and PD development was observed among Caucasians (allelic model: P = 0.575, dominant model: P = 0.631, recessive model: P = 0.582), but the association was statistically significant in Asians, represented by only one study under the allelic and dominant genetic models (allelic model: OR = 1.814, 95% CI: 1.167 -2.821, P = 0.008, dominant model: OR = 1.979, 95% CI: 1.119 -3.498, P = 0.019, recessive model: P = 0.078) ( Table 4 ). In addition, the rs732833 polymorphism, which presented in only one study, was also not associated with the risk of PD under any of the three genetic models (allelic model: P = 0.416, dominant model: P = 0.523, recessive model: P = 0.416, shown in Table 3 ). In summary, the above results suggested that no associations exists between the DBH rs1611115, rs2519152, and rs732833 polymorphisms individually or in combination with the risk of developing PD. 
Association between DBH and SCZ
In this retrospective analysis, a total of twenty-seven studies involving 4406 cases and 4148 controls, including eight with the 5'-Ins/Del polymorphism [34] [35] [36] [37] [38] [39] [40] [41] , five with the rs1108580 polymorphism [34, 37, 39, 42, 43] , three with the rs1611115 polymorphism [39, 44, 45] , two with the rs4531polymorphism [46, 47] , and one each with the other nine loci, were utilized to study the association of DBH polymorphisms and SCZ risk. Our meta-analysis did not reveal any significant association between a collection of DBH polymorphisms and (Table 4 ). In addition, among nine loci presenting in only one study each, the polymorphisms of seven loci, including MspI, rs1611114, rs1541333, rs77905, rs732833, rs3025399 and rs1076150, showed no association with the risk of SCZ under any of the three genetic comparisons (Table  3) . On the other hand, the analysis results indicated that the rs2283123 polymorphism could significantly reduce susceptibility to SCZ in the allelic (OR = 0.285, 95% CI: 0.095-0.862, P = 0.026) and dominant (OR = 0.290, 95% CI: 0.094-0.897, P = 0.032) models but not in the recessive (P = 0.597) model, and the DBH rs2007153 polymorphism significantly increased the risk of developing SCZ under all three models (allelic model: OR = 2.196, 95% CI = 1.506-3.200, P = 0.000; dominant model: OR = 2.985, 95% CI = 1.465-6.084, P = 0.003; recessive model: OR = 2.729, 95% CI: 1.548-4.812, P = 0.001). In summary, the DBH rs2283123 and rs2007153 polymorphisms might influence SCZ risk, but the DBH 5'-Ins/Del, rs1108580, rs1611115, and rs4531 polymorphisms and the combination of all 13 DBH loci were not associated with the risk of SCZ development.
Association of DBH with diseases with neurodegenerative features, including AD, PD, and SCZ
In this systematic analysis, a total of 41 studies involving 10506 cases and 15083 controls, including seven on AD [20] [21] [22] [23] [24] , seven on PD [28] [29] [30] [31] [32] [33] , and twenty-seven on SCZ [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] , were used in combination to investigate the association between a combination of all the available DBH polymorphisms and the development of diseases with neurodegenerative features, including AD, PD and SCZ. The combined results showed a lack of association between them under three genetic models (allelic model: P = 0.330, dominant model: P = 0.755, and recessive model: P = 0.509, shown in Fig. 2d and Table 3 ). In subgroup analysis by ethnicity, no associations of the sixteen DBH polymorphisms with the risks of these three diseases were found among either Caucasians (allelic model: P = 0.640, dominant model: P = 0.741, and recessive model: P = 0.875) or Asians (allelic model: P = 0.426, dominant model: P = 0.524, and recessive model: P = 0.515) ( Table 4 ). In summary, the previously reported DBH polymorphisms did not have any cumulative effect on the susceptibility to diseases with neurodegenerative features, including AD, PD and SCZ. 
Heterogeneity analysis
In the abovementioned meta-analysis, high heterogeneity was found in analyses of the associations of the collection of DBH polymorphisms with PD risk (allelic model: I² = 75.0%; dominant model: I² = 69.5%; recessive model: I² = 56.7%) (shown in Table 3 ). In addition, significant heterogeneity was also observed in the investigation of correlations between both DBH rs1611115 (allelic model: I 2 = 80.8%, dominant model: I 2 = 71.2% and recessive model: I 2 = 76.4%) and rs2519152 (allelic model: I 2 = 86.6% and dominant model: I 2 = 87.7%) and PD risk. Meta-regression analysis was performed to explore whether the source of the abovementioned between-study heterogeneity was due to the publication year, ethnicity, diagnostic criteria, NOS score or sample size. Statistical results from the meta-regression are Table S2 . However, no factors could eliminate or reduce the heterogeneity to an acceptable level (all P-regression > 0.05).
Sensitivity analysis and publication bias
Sensitivity analysis showed that the pooled ORs were not significantly altered for the DBH rs1611115, 5'-Ins/Del, and rs1108580 polymorphisms presenting in more than three studies on AD, PD and SCZ when all the included studies were excluded one by one, which indicated that our results were robust and reliable (data not shown). According to the shapes (Table 5) .
Discussion
As a member of the DA system, the DBH enzyme catalyzes the oxidative hydroxylation of DA to NE in the CNS. A recent study reported the DBH crystal structure, revealing four domains (the DOMON (dopamine b-monooxygenase N-terminal) domain, which forms a possible metal-binding site and a ligandbinding pocket; the catalytic CuH and CuM domains; and the C-terminal dimerization domain), providing new molecular insights into the catalytic mechanism, as well as the destructive disorders of both physiological and neurological origin of the DBH enzyme and the DA system [60] . On the other hand, the enzymatic activity and plasma level of DBH show wide interindividual variation modulated by genetic inheritance [27] . [31] , and the rs1611115 and rs1108580 polymorphisms are significantly correlated with the degree of cognitive impairment in SCZ patients [61] . This evidence suggests that DBH SNPs could be a possible mechanism underlying the progression of AD, PD and SCZ. However, according to our results, DBH polymorphisms might not correlate with the developmental risk of these three diseases. AD is a classical polygenic disease, but its pathogenic mechanism is still unclear. Many genes, such as apolipoprotein E (APOE) [62] , triggering receptor expressed on myeloid cells 2 (TREM2) [63] , and methylene tetrahydrofolate reductase (MTHFR) [64] , in combination with environmental factors result in a network of interplay in AD development. DBH catalyzes the oxidative hydroxylation of DA to NE, and recent evidence indicated that NE is not only a risk factor but also an actual etiological factor of AD [22] . We collected seven studies on the association of DBH polymorphisms at three loci (rs1611115, rs5320, and rs1611131) with the risk of AD. The analysis results indicated that polymorphisms of these three loci were not associated with AD risk. Although the rs5320 polymorphism might not influence the disease susceptibility and needs to be further evaluated due to a low number of studies being included in the analysis, the conclusion that the rs1611115 polymorphism had no effect on the risk of AD in this retrospective analysis should be quite robust because all five case-control studies included produced negative results ( [24] ). It should be noted that the negative result reported in the study by Combarros O. et al. included in this meta-analysis is discrepant with the positive result in the original publication due to an OR being adjusted by the synergistic factors that the authors utilized (sample source, age, sex and APOE ε4 genotype) [20] , but we estimated this association using rough allelic or genotypic data. On the other hand, Combarros O. et al. also found that the correlation between the rs1611115 allele and AD risk were nearly restricted to men [20] . In addition, the interaction between the presence of DBH rs1611115 and the TT genotype of IL1A rs1800587 was also found in the original publication, contributing to the determination of susceptibility to AD [20] . These results suggested that the role of the DBH rs1611115 variant might be influenced by other synergistic factors, such as age, gender and gene-gene interactions, in AD development. The rs1611131 polymorphism was statistically associated with a decreased risk of AD development in the allelic and dominant models but not in the recessive model. The data for this locus also originated from the study by Combarros O. et al., and our result was inconsistent with their negative result, possibly due to the similar confounding adjustment based on a small sample size. Furthermore, our study further illustrated that a combination of polymorphisms of the DBH three loci was not associated with AD risk, indicating that the previously identified DBH SNPs had no cumulative effect on the susceptibility to AD. However, the currently available evidence cannot prove that DBH polymorphisms are independent, risk-free factors underlying the development of AD.
PD is another neurodegenerative disorder commonly studied. Rare variants in monogenic forms have been shown to be connected with the disease at the gene level [65] . Neuropathological analysis of PD indicates that the retrogression of dopaminergic neurons in the substantia nigra leads to a DA deficiency in the corpus striatum [3] . The DBH enzyme is an important member of the DA system, and evidence has shown that under certain conditions, DBH can influence the NE levels in the brain [22] . In addition, previous studies found altered DBH activity in cerebrospinal fluid (CSF) [22] , also suggesting that DBH might participate in the pathological mechanism of PD. However, little is known about how the DBH gene modulates DBH enzymatic activity as well as NE levels and further determines the retrogression of dopaminergic neurons in the development and progression of PD. Over the past few decades, studies have investigated the correlation of DBH polymorphisms with PD risk, but they have displayed controversial results. Available data on the association between three SNPs (rs1611115, rs2519152, and rs732833) and PD risk were collected in our retrospective study. For rs1611115, combined results from all four of the studies included indicated that this SNP is not statistically associated with an increased PD risk, consistent with the results from two individual studies authored by Chun L.S. et al. (2007) [28] and Ross O. et al. (2008) [30] but not with those of the other two studies (Fig. 2B) . In the other two original publications, Healy D. et al. (2004) reported that individuals carrying the homozygous DBH rs1611115 TT genotype have protection against PD [29] ; conversely, Shao P. et al. (2016) recently found that this variant is likely associated with an increased susceptibility to PD [31] . Different genetic backgrounds from different races may possibly underlie this discrepancy because the former studies involved Caucasians, while the latter studies focused on the Asian population. A comparatively insufficient sample size may also be a probable cause underlying the discrepant results, as it may poorly represent the overall population. For another gene locus, rs2519152, statistical results based on two available studies also demonstrated no correlation between its polymorphism and the risk of developing PD (Fig. 2B and Table 3 ). This result is in accordance with the conclusion of the newest article by Song Q.X. et al. (2015) [32] but contradicts that of an earlier study by Xu L. et al. (2002) [33] , which suggested a protective role of DBH rs2519152 minor variants against the development of PD [33] (Fig. 2B ). Both studies were restricted to the Chinese Han population. Thus, further evaluating the link between this polymorphism and PD is necessary to achieve a definitive conclusion. For the third locus (rs732833) in this group, its polymorphism from one study was not associated with PD development (Table 3 ). In addition, our meta-analysis further illustrated a lack of association between a combination of the polymorphisms of these three loci and the risk of PD, also denoting that DBH SNPs might not have a comprehensive effect on the susceptibility to PD.
SCZ is one of the most severe chronic mental illnesses that presents with characteristic retrogression in the central nervous system (CNS) [66] , and the neurodegenerative basis of SCZ remains a matter of debate. Previous studies have reported abnormal neuronal migration and clinical features of aberrant neurodevelopment in the form of soft neurological signs, which might suggest a neurodevelopmental mechanism for SCZ [67] . However, current evidence suggests that SCZ is a complex disorder with neuronal degeneration characteristics. On the basis of autopsy, gliosis was found in the brain tissues of SCZ patients [68] , and more recently, Muraleedharan A. et al. (2015) reported substantial DNA damage in SCZ patients based on the detection of proteotoxic stress in cerebral cells [69] , which both represent cardinal features of neurodegeneration hinting at neuron depletion. Compared to the classical neurodegenerative diseases AD and PD, the pathophysiological heterogeneity of SCZ might lead to diverse time course and treatment strategies. To date, we still have little knowledge about the neuropathology of SCZ [7] , but the DA hypothesis is a leading theory underlying its etiology [70] . In 2014, Oliver H. et al. reported a presynaptic hyperdopaminergic abnormality in SCZ patients [71] . Cubells J.F. et al. (1998) [72] further implied that DBH activity and the CSF DBH protein level could be regarded as biomarkers of SCZ. Our retrospective study contained data available on the association between polymorphisms of thirteen loci and SCZ risk. Eight, five, three and two independent studies were collected in this meta-analysis containing polymorphisms of 5'-Ins/Del, rs1108580, rs1611115, and rs4531 on the development of SCZ, respectively. The conclusions of these studies on the genetic polymorphisms of these four loci shared considerable similarities. The combined result indicated that variants of these four loci were not statistically associated with SCZ susceptibility. Good consistency and no detectable heterogeneity among all the included studies indicate that our finding are robust (Fig. 2C and Table 3 ). Simultaneously, statistical analyses of the other seven SNPs (MspI, rs1541333, rs77905, rs732833, rs3025399, rs1076150 and rs1611114), each represented by only one study, demonstrated that they might not influence the susceptibility to SCZ, but these results need to be further confirmed (Fig. 2C and and dominant associations with increased SCZ risk, which was consistent with our results. However, a correlation between rs2283123 and SCZ susceptibility was found under only the allelic model [45] , while this association existed under all three genetic models in our metaanalysis. Only two DBH loci were found to be associated with SCZ risk, but the studies in which these loci were reported utilized relatively small sample sizes, and no other published studies have confirmed the association of these two loci with SCZ risk. This discrepancy might be explained by the "winner curse" phenomenon that usually occurs when using the candidate gene approach in which SNP loci are initially detected as associated factors but cannot be frequently identified by subsequent studies [73] . Future studies should focus on these two candidate target SNPs. Additionally, we further illustrated no statistically significant association between SCZ and the cumulative effect of available DBH SNPs. Neurodegenerative diseases represent disorders resulting from the gradual loss of neuronal function or structure (or from neuronal death) [74] . In addition to classical neurodegenerative diseases, such as AD, PD, Huntington's disease (HD), amyotrophic lateral sclerosis (ALS) and Batten's disease (BD), some mental sicknesses, such as SCZ and depression, are newly reported to show the characteristics of neuronal degeneration [69, 75] . Despite the common feature of gradual brain degeneration in patients with these diseases, a common underlying mechanism remains unclarified. In diseases such as AD, PD and SCZ, overphosphorylation of the tau protein is widely observed, leading to the abnormal accumulation and entanglement of nerve fibers, which further causes cerebral cell dysfunction, indicating that these diseases may share some pathogenic characteristics [76] [77] [78] . On the other hand, based on the DA dysfunction and low DBH activity found in patients suffering from these diseases [27, 79, 80] , genes of the DA system are considered vital candidate genetic targets for all neurodegenerative diseases. DBH, a critical member of the DA system, has been studied in association with the risks of neurodegenerative disease for a long time. We herein provide a comprehensive evaluation of the correlations of common genetic variants in candidate DBH gene loci with three diseases having neurodegenerative features, AD, PD and SCZ. In our findings, except for a few loci (rs1611131, rs2007153 and rs2283123) that might show correlation with neurodegenerative disorders, almost all the available SNPs were not associated with neurodegenerative diseases (Fig. 2D) . In particular, DBH rs1611115, one of the most widely investigated DBH loci that was shown to regulate the activity and level of the DBH enzyme in numerous previous studies [22, 27, 81] , displayed no association with any of the three diseases in our meta-analysis. Additionally, while the similar neural degeneration characteristics displayed by these three diseases, the fact that the cumulative statistical data displayed a lack of association between DBH loci and the risk of diseases suggest that DBH polymorphisms might not be risk factors underlying the development of disorders with neurodegenerative features. This statistical finding somewhat corresponds to the randomness in the distribution of negative associations between genetic polymorphisms and disease risk because if the results at each locus show a lack of association, their combination should indeed show nonsignificant correlation with the disease. These results could indicate that DBH polymorphisms may not be independent risk factors and thus may not be genetic markers for the risk of AD, PD and SCZ; however, they could still participate in the development of diseases with neurodegenerative characteristics by interacting with other genes.
Meta-analysis is a quantitative statistical analysis tool that can integrate the outcomes of independent studies and provide a more reliable conclusion. To our knowledge, no systematic study has comprehensively estimated the probable relationship between DBH SNPs and neurodegenerative disease. In our research, a thorough and meticulous search was performed to identify all available DBH polymorphisms, providing a comprehensive review of the association between DBH mutation and the risk of diseases with neurodegenerative characteristics, including AD, PD and SCZ. Both the independent role of a single DBH locus and its cumulative effect on these three types of neurological illness were analyzed in our meta-analysis, providing us with a better understanding of the gene-disease association from multiple viewpoints. However, some limitations of this study should also be recognized. First, the sample sizes of some of the included loci were small. It is worth noting that three significantly associated loci were presented in only one dataset, which might have led to a spurious correlation. Second, heterogeneity was detected in the association studies of some polymorphisms with PD, but we were unable to find the sources of heterogeneity in these polymorphisms according to the available concomitant factors. Third, previous studies suggested that the relationships of SNPs with AD, PD and SCZ might be affected by gender, onset age and carrying statuses of other genes. We could not conduct corresponding subgroup and stratification analyses [82] to further explore in-depth reasons for their association because of insufficient data. Therefore, the conclusions from the studies reviewed in this analysis should be interpreted with caution.
Conclusion
In conclusion, our comprehensive systemic review (a) suggested that most DBH polymorphisms of the currently available loci may not be risk factors for the neurological diseases AD, PD and SCZ and specifically (b) revealed a lack of association between the DBH rs1611115 polymorphism and the development of AD and between the 5'-Ins/Del, rs1108580, rs1611115 and rs4531 variants and the risk of developing SCZ; these results were supported by relatively large sample sizes and are thus robust conclusions. Our comprehensive systemic review also (c) showed that while the rs1611131 and rs2283123 polymorphisms could play a protective role in the risk of AD and SCZ, respectively, rs2007153 variants might be a risk factor for SCZ; however, these three loci were all reported by only one study each. While reliable conclusions might not be drawn for the associations of some DBH polymorphisms with PD due to either high heterogeneity between studies or having only a few case-control studies available for analysis, future well-designed studies with large sample sizes as well as gene-gene and gene-environment interactions are needed to confirm these conclusions.
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